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Introduction

26
Soil contamination continues to be a widespread threat to the soils throughout the world, and The soil functions and services as included in the proposed EU Soil Framework Directive are
43
(i) biomass production, including agriculture and forestry; (ii) storing, filtering and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   3 transforming nutrients, substances and water; (iii) biodiversity pool, such as habitats, species 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 The novelty of the presented study is the conceptualization of the linkages between soil 1 functions and ecosystem services connected to the three common sustainability domains 2 (Section 4). This is not generally discussed in existing literature and allows for scaling of soil 3 performance evaluation in an MCDA framework from site-specific observations to 4 assessment of global socio-economic effects. This study presents an approach for how to 5 operationalize the inclusion of the soil function concept in remediation projects in order to 6 provide a basis for better informed decisions, to facilitate efficient management of 7 contaminated land, and to meet emerging regulatory requirements on soil protection. As the aim of a sustainability appraisal of remediation alternatives is to evaluate whether a 6 remediation alternative contributes to sustainable development or not, it is important to link 7 the hierarchy between functions, processes and services provided by an ecosystem, including 8 a soil system (see Section 3), with the three domains of sustainability. We suggest an 9 hourglass model to clearly illustrate the above mentioned linkages and the hierarchy (Fig. 1 ).
11
In the ecological domain the ecosystem processes are based on the ecosystem structure and service is transferred to the economic domain ( Fig. 1 ).
18
The bottleneck in the hourglass model is utilization ( 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 A sustainability appraisal within a generic MCDA framework in remediation projects remediation alternatives on the soil performance can be measured using soil quality and soil 12 service indicators (Fig. 2) . number of key criteria (Table 1) . Each criterion is scored between -2 representing "very 10 negative effect" and +2 representing "very positive effect" relative to a reference alternative.
11
A score of 0 represents "no effect". Importantly, the effects of remediation alternatives are 12 measured relative to the reference alternative, e.g. when no remedial action is taken. The 13 MCDA prototype is currently being further developed and parts of this work can be found in 
16
The MCDA prototype is based on a linear additive model (to rank the remediation 
27
The soil service indicators can be used to address (a) the cultural environment, the recreation 28 and the land use on site criteria in the socio-cultural domain of the MCDA prototype (Table   29 1), as well as (b) the social profitability criterion in the economic domain in terms of the 30 effects caused by remediation on market and non-market priced soil services. For example,
31
WTP studies can be used to monetize the benefits associated with increased recreational 32 opportunities on the remediated site as suggested to be included in the CBA by Rosèn et al. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 (Tables 2 and 3) . A brief description of identified studies aimed at 6 evaluation of the changes in soil functions after treatment, including the references and 7 examined remediation technologies, is presented in Table 2 . Further, the impacts of these 8 technologies on the examined soil quality indicators are compiled in Table 3 .
10
From 
Discussion
19
This study presents a structured approach for incorporating the soil function concept into an as suggested in this study, the socio-economic effects resulting from the performance of 32 remediated soil could be evaluated from the site to the global levels.
34
The approach allows scaling of soil performance assessment from site-specific observations 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 level. For example, an altered capacity to drain and store water as a result of soil treatment 1 within the boundaries of the site on the local level can affect the groundwater recharge 2 potential on the regional level. Table 3 , the effects of these 36 alternatives on the soil function biodiversity pool would be very positive.
38
In turn, the end use of the site will also impact the targeted soil services resulting from the 39 functions. This implies that a site designed for residential redevelopment will provide 40 different soil functions and services compared to a site for recreation or biomass production. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 services are identified, relevant soil quality indicators and soil service indicators can be used 1 to evaluate the effects associated with available remediation alternatives.
3
Evaluation of the soil performances should be included into sustainability appraisal of 4 remediation alternatives in order to stringently assess remediation alternatives as to whether 5 they lead to sustainable development and thus safeguard the soil functions and services.
6
Considering the importance of soil functions and services for ecosystems and humans, 
Conclusions
12
The following main conclusions were drawn from this study: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K., 23 Naeem, S., O'Neill, R. V., Paruelo, J., Raskin, R. G., Sutton, P., van den Belt, M., 1997.
24
The Value of the World's Ecosystem Services and Natural Capital. Nature 387, 253-260.
25
Dawson, J.J.C., Godsiffea, E.J., Thompson, I.P., Ralebitso-Senior, T.K., Killhama, K.S., 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 Epelde, L., Becerril, J.M., Kowalchuk, G.A., Deng, Y., Zhiu, J., Garbisu, C., 2010. Impact of 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 Makino, T., Kamiya, T., Takano, H., Itou, T., Sekiya, N., Sasaki, K., Maejima, Y., Sugahara, 4 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 6 7 Table 1 8
Key criteria for the ecological and the socio-cultural domains of sustainability (Rosén et al., 2009). Table 2 11 A brief description of the studies examining the impact of remediation technologies on soil functionality. Table 3 14 Impact of remediation technologies (see a description and references in Table 2 ) on soil quality indicators. Step 2 Identify Remediation Alternatives
10
13
Step 5 Weight Criteria
Step 3 Select Criteria
Criteria of Ecological Domain
Soil Quality Indicators Soil Service Indicators Soil Service Indicators
Step 4 Evaluate Remediation Alternatives against Criteria
Criteria of Socio-Cultural Domain Criteria of Economic Domain
Step 6 Compare Remediation Alternatives and Perform Sensitivity Analysis
Step CEC: caution exchange capacity. +: positive impact on the soil quality indicator is observed in the study without specifying a value of incremental increase in the parameter. ++: an incremental increase in the parameter is specified in the study.
--: an incremental decrease in the parameter is specified in the study. 0: no impact on the soil quality indicator is observed in the study. Table 3 
Soil quality indicators Remediation Technologies
